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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 voltagésuch as can in principle be accomplished by cascadimgrelevant 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 1xm laser active region is proposed whose ideal performance exceeds that

of current intersubband lasers. €99 American Institute of PhysidsS0003-695(99)05140-2

Many of the challenges associated with the design of We are led to consider a new figure of merit: the net
semiconductor laser diodes become more severe at longaraterial gain per unit volumetripower dissipationin the
wavelengths. These include a reduced carrier lifetime ass@ctive region. To justify this we consider the input power
ciated with the Auger recombination process, whighali-  density (P;/A) in the device to come from an active region
tatively) depends exponentially on the emission wavelength{erm, a series voltage term, and a series resistance term
and the difficulty of confining the larger optical mode within .
an epilayer of reasonable thickness. At this time there are KIZIVAR+IVS+IZPS! 1)
two principal types of semiconductor laser diodes that oper-
ate in the long-wavelength infrargdWIR, A\~8—-12um): wherel is the areal current density sy is the voltage across
lead-salt lasefsand quantum cascade intersubband I&sers the active regiony is the series voltage angl is the series
based on the InP material system. In contrast, in the midresistivity. We note that the series resistance and voltage
wavelength infraredMWIR, A ~2—5um) there are several terms for either interband® or intersubband lasers can in
types of traditionalnoncascadelll-V semiconductor lasers. principle be reduced to an insignificant level relative to the
Of the material systems these lasers are based on, only tig&tive region term by improving the properties of the mate-
InAs/GalnSh material systéif can in principle produce an fial system, or if that has reached a mature limit, by cascad-
8—12um laser. The longest-wavelength |&sdemonstrated  Ng.
to date, however, emits at 52m at 185 K. We will therefore focus on guidelines for choosing an

It has been argued recently that thin-200—400 A) a_tctive regior_1 whi(_:h is as efficient as possible at generqting
noncascade active regions in the MWIR based on the InAdjght for a given input power density to the active region
GalnSb material system could generate sufficient gain fokPar/A)=IVar. The dependence of the active region
lasing, so long as they were embedded in a separate confinBWer on the net material gain per unit volumetric power
ment region(SCR).” This argument was based on direct cal- disSipation density can be seen by writifigg for a given
culations of a figure of merit of the active region that, for a °Ptical output powerR,) as

given cavity design, determines the threshold current den- AD ogd a@m+{ay)) P
sity: the net material gain per unit volumetric currént. Par= ! _
. . . 7i Y~ a
This letter extends the consideration of such structures to
the long-wavelength infrared, and also generalizes the figure N Polamt{aw) [ v | 1/eV, @
of merit so that active regions based on intersubband transi- am y—a,) ni| hv |’

tions, which have typically formed t_he heart. of qua_mtum CaS4ereA is the aredlength times width of the laser stripey
cade lasers, may be compared directly with active region

based on interband transitions. which are commonly used 7 the material gaing,, is the mirror loss{a,) is the non-
' tons, whi . only Used 18 e region modal loss in the wavegui@eg., free carrier
noncascade lasers. The basis for comparison is evaluati

hich " e the | . lectrical sorption in the doped cladsy, is the material loss in the
which system will require the lowest input electrical pOWer 5qtiye region, ; is the injection efficiencyD noge is the

to generate a giyen output optical power. This is thus a MOIgidth of the optical modeg s the electron charge, afd is
general comparison than that of Ref. 9. the emitted photon energy, is, for cascade structures, the
voltage drop across a single stage of the cascade, and for
dElectronic mail: flatte@rashi.physics.uiowa.edu noncascade structur&g =V .
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TABLE |. Results for ideal laser active region designs for six systems at room temperature: bakg,gap
maximum net gain per unit volumetric power dissipation der|gity— «,)/P]ax, @and threshold power density
Py,. System | is 38.4 A InAs/17 A Gadn, »Sh, system Il is 30 A InAs/20 A Ggaln, ,Sb/50 A InAs/33 A
Al Ga 4Sbl11 A InAs/27 A Aly Ga, ,Sh),, and system V is a 18 A InAs/21 A AlAs:Sh, 5418 A InAs/25 A
GaydnoSh/18 A InAs/21 A AlAg Shysd18 A InAs well surrounded by 4.5 periods of a 27 A
Al Gay ,Sh/11 A InAs superlattice. The structures IIl, IV, and VI are described in Refs. 2, 3, and 12.

T Eg [(7_ aa)/P]max Pth
System (K) (um) (wm?W) (kw/cnr) (y—ay)ly

LWIR ACTIVE REGIONS D yoge= 3.5 4M, arm+{ arg) =60 et

I InAs/GalnSh 300 11 1410 19 0.80
77 7.5 1.6<10* 0.13

I BGQW 300 11 4.%10° 0.45 0.93
77 8 5.4< 10 0.039

11} Intersubband 11 1.2<107 18

\Y, Intersubban 11 27 78

MWIR ACTIVE REGIONS D ypoge= 2.0 4, arm+{a) =10 cmi?

\% BGQWF® 300 3.4 2.%10° 0.069 0.99
77 3.0 3.x10 0.0066
VI Intersubban 3.6 9.7 21

aReference 2.
PReference 3.
‘Reference 11.
YReference 12.

The net gaif (y— «,)/P] to volumetric power dissipa- merit for the simple interband system | is comparable to that
tion density P=JV,, whereJ is the volumetric recombina- of the best 1lum intersubband laser, system lll, and exceeds
tion current density in the active regipris the only active that of system IV. At 300 K the calculated values for system
region material parameter to appear in the first term of Eqll exceed by over an order of magnitude the current perfor-
(2). The remaining parameters are related to the optical cavnance of LWIR intersubband active regiaisgstems Il and
ity and efficiency of electrical injection. Wher(y IV). Two MWIR results are presented in Table I: system V is
—a,)/P] is maximized the threshold power is minimized. a 3.4 um interband structuré whose 300 K figure of merit
The net material gain to volumetric power appropriatelyexceeds that of the 3,6m intersubband structuf@ system
weighs the importance to laser performance of the density o¥l, by over two orders of magnitude. At 77 K the perfor-
states, recombination rates, differential gain, and intersubmance of the interband devices improves dramatically,
band absorption within the active region. The difference bewhereas the intersubband devices perform comparably to
tween thickening a noncascade active regfon the indi-  how they performed at 300 K. We emphasize these figures of
vidual stages of a cascade lgsend adding stages to a merit are independent of the number of stages in a cascade. It
cascade laser is holvandV g change. Increasing the num- is important to acknowledge, however, that aspects of device
ber of stages increases the voltage drop across the entiperformance not considered here, such as vertical transport
structure but not the current through it. In contrast, an in-and thermal conductivity, could affect the relative perfor-
crease in the thickness of a noncascade active régiothe  mance of these active regions in actual devices. Also shown
individual stages of a cascadacreases the current through in Table | are the threshold input power densities for these
the structure but leaves the voltage drop unchanged. Botsystems based on cavity properties obtained from waveguid-
methods of increasing the thickness of the active region wiling calculations for typical designs in this wavelength range
linearly increase the dissipated power and also linearly in{several groups have achieved better cavity properties than
crease the modal gain. Thus the ratio of gain to power dissithese in this wavelength rangeFinally the value of ¢
pation density is an intensive quantity associated with all-«a,)/y at the optimum carrier density for the threshold fig-
active regions, whether they are cascades or not. ure of merit is shown at 300 K for the interband active re-

The second term in Eq2) describes the power slope gions. When operated at these carrier densities the material
efficiency of the structure. The only active region parametetosses of these active regions are overwhelmed by the large
appearing here isy(— «,)/y. The power slope efficiency of material gains.
the laser, unlike the current slope efficiency, is independent We now describe our calculations of the net material
of the number of stages in a cascade. As will be noted belowgain to volumetric power ratid,(y— a,)/P], as a function
this conclusion must be modified if the series resistance terrof gain, first for intersubband structures and then for inter-
dominates in Eq(1). band structures. The gain region of an intersubband laser can

Table | summarizes our results for several active rebe modeled as a three-level laser in steady state. The princi-
gions. For LWIR interband active regions based on the InAspal characteristics of this system aig,=ez,, the dipole
GalnSb system we considép an InAs/GalnSb superlattice matrix element between the upper lasing st@&eand the
and (Il) an 11-layer structure further refined to balance thdower lasing statél), 7, andr,, which are the total lifetimes
band-edge densities of states, reduce intersubband absoud-the two states, and,;, which is the scattering time from
tion, and reduce Auger recombination. The 300 K figure ofstate 2 to state 1. These quantities are available from Refs. 2,
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R [ I . A T . likely greater for noncascade than cascade structures. How-
5 4000 | s'%] = ever, as we have defined it above, leakage of a carrier
“Ei 3000 ] }@E %100— 3 through even a single stage of a multistage cascade structure
- I:Q o 757 3 would reduce the injection efficiency for the devigg so»,
R |3 3 50 3 is likely to be greater for noncascade than cascade lasers. As
= 1000 } : “ 254 3 a final point, the loss of input power associated with series
0 L, . 0 , , resistance is quadratic rather than linear in the input current

0 B0 500 ° /0 50 750 density, so if series resistance is significant, the power slope
frred em) frec) fem) efficiency of noncascade structures may be reduced substan-
FIG. 1. Net gain per unit volumetric power dissipation densityy  tially relative to cascade structures. As an example, for a

— a,)/P], as a function of net gain at 300 K féa) system Il andb) system  device with 0.1 mrh area and 0.2%) series resistance, the

Ill. Note the different scales. The density corresponding to the optimum s _ ; :
[(y—a,)/P] is indicated in(a). The net gain at this density is the optimum calculated wall plug efficiency of a 25-stage active region

material net gain for this system. based on structure 11l exceeds that of a noncascade design of
structure Il for output powers greater than 100 mW at 300 K.
The wall plug efficiency of a 25-stage design of structure I
will, however, always exceed that of a 25-stage design of
structure Il

3, 12; if 7, and 7, are not both given we assumg= 7, .
We assume pumping only into std® and no thermal popu-
lation of state(2). For such a system the gain
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