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Ideal performance of cascade and noncascade intersubband and interband
long-wavelength semiconductor lasers
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The ideal performance of cascade and noncascade intersubband and interband laser active regions
is directly compared in a cavity-insensitive way. For devices not limited by series resistance or
series voltage~such as can in principle be accomplished by cascading! the relevant figure of merit
is the net material gain per unit volumetric power dissipation density in the active region. This figure
of merit is evaluated at 77 and 300 K for a variety of structures relying on interband and
intersubband transitions, each of which may constitute the active region of a cascade or noncascade
device. A design for an 11mm laser active region is proposed whose ideal performance exceeds that
of current intersubband lasers. ©1999 American Institute of Physics.@S0003-6951~99!05140-2#
o
ng
ss

th
in
a
e

rs
id

l
.

A
fo
fi

al-
a
e

s
u
n
as
on
d
t

er
o

et

er
n

age
n
he
te-
ad-

n
ting
n
n
er

e
for
Many of the challenges associated with the design
semiconductor laser diodes become more severe at lo
wavelengths. These include a reduced carrier lifetime a
ciated with the Auger recombination process, which~quali-
tatively! depends exponentially on the emission waveleng
and the difficulty of confining the larger optical mode with
an epilayer of reasonable thickness. At this time there
two principal types of semiconductor laser diodes that op
ate in the long-wavelength infrared~LWIR, l;8 – 12mm):
lead-salt lasers1 and quantum cascade intersubband lase2,3

based on the InP material system. In contrast, in the m
wavelength infrared~MWIR, l;2 – 5mm) there are severa
types of traditional~noncascade! III-V semiconductor lasers
Of the material systems these lasers are based on, only
InAs/GaInSb material system4,5 can in principle produce an
8–12mm laser. The longest-wavelength laser6 demonstrated
to date, however, emits at 5.2mm at 185 K.

It has been argued recently that thin (;200– 400 Å)
noncascade active regions in the MWIR based on the In
GaInSb material system could generate sufficient gain
lasing, so long as they were embedded in a separate con
ment region~SCR!.7 This argument was based on direct c
culations of a figure of merit of the active region that, for
given cavity design, determines the threshold current d
sity: the net material gain per unit volumetric current.8

This letter extends the consideration of such structure
the long-wavelength infrared, and also generalizes the fig
of merit so that active regions based on intersubband tra
tions, which have typically formed the heart of quantum c
cade lasers, may be compared directly with active regi
based on interband transitions, which are commonly use
noncascade lasers. The basis for comparison is evalua
which system will require the lowest input electrical pow
to generate a given output optical power. This is thus a m
general comparison than that of Ref. 9.

a!Electronic mail: flatte@rashi.physics.uiowa.edu
2020003-6951/99/75(14)/2020/3/$15.00
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We are led to consider a new figure of merit: the n
material gain per unit volumetricpower dissipationin the
active region. To justify this we consider the input pow
density (Pi /A) in the device to come from an active regio
term, a series voltage term, and a series resistance term

Pi

A
5IVAR1IVs1I 2rs , ~1!

whereI is the areal current density,VAR is the voltage across
the active region,Vs is the series voltage andrs is the series
resistivity. We note that the series resistance and volt
terms for either interband10 or intersubband lasers can i
principle be reduced to an insignificant level relative to t
active region term by improving the properties of the ma
rial system, or if that has reached a mature limit, by casc
ing.

We will therefore focus on guidelines for choosing a
active region which is as efficient as possible at genera
light for a given input power density to the active regio
(PAR /A)5IVAR . The dependence of the active regio
power on the net material gain per unit volumetric pow
dissipation density can be seen by writingPAR for a given
optical output power (Po) as

PAR5
ADmode~am1^aw&!

h i
S P

g2aa
D

1
Po~am1^aw&!

am
S g

g2aa
D 1

h i
FeVo

hn G . ~2!

HereA is the area~length times width! of the laser stripe,g
is the material gain,am is the mirror loss,̂ aw& is the non-
active region modal loss in the waveguide~e.g., free carrier
absorption in the doped clads!, aa is the material loss in the
active region,h i is the injection efficiency,Dmode is the
width of the optical mode,e is the electron charge, andhn is
the emitted photon energy.Vo is, for cascade structures, th
voltage drop across a single stage of the cascade, and
noncascade structuresVo5VAR .
0 © 1999 American Institute of Physics
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TABLE I. Results for ideal laser active region designs for six systems at room temperature: band gaEg ,
maximum net gain per unit volumetric power dissipation density@(g2aa)/P#max, and threshold power density
Pth . System I is 38.4 Å InAs/17 Å Ga0.75In0.25Sb, system II is 30 Å InAs/20 Å Ga0.6In0.4Sb/50 Å InAs/33 Å
Al0.6Ga0.4Sb/~11 Å InAs/27 Å Al0.6Ga0.4Sb)4 , and system V is a 18 Å InAs/21 Å AlAs0.15Sb0.85/18 Å InAs/25 Å
Ga0.6In0.4Sb/18 Å InAs/21 Å AlAs0.15Sb0.85/18 Å InAs well surrounded by 4.5 periods of a 27
Al0.6Ga0.4Sb/11 Å InAs superlattice. The structures III, IV, and VI are described in Refs. 2, 3, and 12.

System
T

~K!
Eg

~mm!
@(g2aa)/P#max

(mm2/W)
Pth

(kW/cm2) (g2aa)/g

LWIR ACTIVE REGIONS Dmode53.5mm, am1^aw&560 cm21

I InAs/GaInSb 300 11 1.13102 19 0.80
77 7.5 1.63104 0.13

II BGQW 300 11 4.73103 0.45 0.93
77 8 5.43104 0.039

III Intersubbanda 11 1.23102 18
IV Intersubbandb 11 27 78

MWIR ACTIVE REGIONS Dmode52.0mm, am1^aw&510 cm21

V BGQWc 300 3.4 2.93103 0.069 0.99
77 3.0 3.03104 0.0066

VI Intersubbandd 3.6 9.7 21

aReference 2.
bReference 3.
cReference 11.
dReference 12.
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s. 2,
The net gain@(g2aa)/P# to volumetric power dissipa
tion density (P5JVo , whereJ is the volumetric recombina
tion current density in the active region!, is the only active
region material parameter to appear in the first term of
~2!. The remaining parameters are related to the optical c
ity and efficiency of electrical injection. When@(g
2aa)/P# is maximized the threshold power is minimize
The net material gain to volumetric power appropriate
weighs the importance to laser performance of the densit
states, recombination rates, differential gain, and inters
band absorption within the active region. The difference
tween thickening a noncascade active region~or the indi-
vidual stages of a cascade laser! and adding stages to
cascade laser is howI andVAR change. Increasing the num
ber of stages increases the voltage drop across the e
structure but not the current through it. In contrast, an
crease in the thickness of a noncascade active region~or the
individual stages of a cascade! increases the current throug
the structure but leaves the voltage drop unchanged. B
methods of increasing the thickness of the active region
linearly increase the dissipated power and also linearly
crease the modal gain. Thus the ratio of gain to power di
pation density is an intensive quantity associated with
active regions, whether they are cascades or not.

The second term in Eq.~2! describes the power slop
efficiency of the structure. The only active region parame
appearing here is (g2aa)/g. The power slope efficiency o
the laser, unlike the current slope efficiency, is independ
of the number of stages in a cascade. As will be noted be
this conclusion must be modified if the series resistance t
dominates in Eq.~1!.

Table I summarizes our results for several active
gions. For LWIR interband active regions based on the In
GaInSb system we consider~I! an InAs/GaInSb superlattic
and ~II ! an 11-layer structure further refined to balance
band-edge densities of states, reduce intersubband ab
tion, and reduce Auger recombination. The 300 K figure
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merit for the simple interband system I is comparable to t
of the best 11mm intersubband laser, system III, and excee
that of system IV. At 300 K the calculated values for syste
II exceed by over an order of magnitude the current perf
mance of LWIR intersubband active regions~systems III and
IV !. Two MWIR results are presented in Table I: system V
a 3.4mm interband structure11 whose 300 K figure of merit
exceeds that of the 3.6mm intersubband structure,12 system
VI, by over two orders of magnitude. At 77 K the perfo
mance of the interband devices improves dramatica
whereas the intersubband devices perform comparably
how they performed at 300 K. We emphasize these figure
merit are independent of the number of stages in a cascad
is important to acknowledge, however, that aspects of de
performance not considered here, such as vertical trans
and thermal conductivity, could affect the relative perfo
mance of these active regions in actual devices. Also sho
in Table I are the threshold input power densities for the
systems based on cavity properties obtained from waveg
ing calculations for typical designs in this wavelength ran
~several groups have achieved better cavity properties
these in this wavelength range!. Finally the value of (g
2aa)/g at the optimum carrier density for the threshold fi
ure of merit is shown at 300 K for the interband active r
gions. When operated at these carrier densities the mat
losses of these active regions are overwhelmed by the l
material gains.

We now describe our calculations of the net mater
gain to volumetric power ratio,@(g2aa)/P#, as a function
of gain, first for intersubband structures and then for int
band structures. The gain region of an intersubband laser
be modeled as a three-level laser in steady state. The pr
pal characteristics of this system arem215ez21, the dipole
matrix element between the upper lasing state~2! and the
lower lasing state~1!, t1 andt2 , which are the total lifetimes
of the two states, andt21, which is the scattering time from
state 2 to state 1. These quantities are available from Ref
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3, 12; if t2 andt21 are not both given we assumet25t21.
We assume pumping only into state~2! and no thermal popu
lation of state~2!. For such a system the gain13

g5S 2p2ngn

3hcn5 m21
2 D Rt2@12~t1 /t21!#

11~ I /I s!
, ~3!

where I s is the saturation intensity,gn is the half width at
half maximum~HWHM! of the gain linewidth,n is the index
of refraction,I is the light-field intensity,h is Planck’s con-
stant,n is the frequency of the light andc is its speed in
vacuum. For an intersubband laserR5J/e, whereJ is the
volumetric current density. Assuming that the optical loss
the active region is negligible and that the operating inten
is small compared to the saturation intensity

~g2aa!

P
5

2p2engn

3n5hc

m21
2 t2@12~t1 /t21!#

Vo
. ~4!

For interband structures calculations of the net gain
the carrier recombination rate are performed with the
nonparabolic band structure and momentum-dependent
trix elements obtained from a 14-band bulk basis superlat
K•p formalism, where the problem is solved in momentu
space in a way similar to Ref. 14 for an eight-band mod
Input parameters15 to the calculation are limited to energ
levels and matrix elements of bulk constituents, and the
lence band offsets between layers. Results from such ca
lations have been in good agreement with experiment
optical properties16 and Auger rates17 in related type-II
multilayer structures.

The figure of merit as a function of net material gain f
systems II and III at 300 K is shown in Fig. 1. Note that t
intersubband structure, system III, has a distinctly differ
shape than that of the interband structure, due to the lin
dependence of the gain on the upper lasing state density
the assumed density-independent state-to-state scatt
lifetimes. This contrasts with the interband structures wh
a minimum carrier density is required to achieve gain. T
figure of merit for the intersubband structure should decre
at high gain due to an increase int21 from electron-electron
scattering.18

We conclude with some brief comments on cascade
sus noncascade designs. The ‘‘quantum defect’’hn/eVo is

FIG. 1. Net gain per unit volumetric power dissipation density,@(g
2aa)/P#, as a function of net gain at 300 K for~a! system II and~b! system
III. Note the different scales. The density corresponding to the optim
@(g2aa)/P# is indicated in~a!. The net gain at this density is the optimu
material net gain for this system.
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likely greater for noncascade than cascade structures. H
ever, as we have defined it above, leakage of a car
through even a single stage of a multistage cascade stru
would reduce the injection efficiency for the deviceh i , soh i

is likely to be greater for noncascade than cascade lasers
a final point, the loss of input power associated with ser
resistance is quadratic rather than linear in the input cur
density, so if series resistance is significant, the power sl
efficiency of noncascade structures may be reduced sub
tially relative to cascade structures. As an example, fo
device with 0.1 mm2 area and 0.25V series resistance, th
calculated wall plug efficiency of a 25-stage active regi
based on structure III exceeds that of a noncascade desig
structure II for output powers greater than 100 mW at 300
The wall plug efficiency of a 25-stage design of structure
will, however, always exceed that of a 25-stage design
structure III.
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