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We present calculations of the differential gain and threshold current densities for a 3.7mmmultiple
quantum well structure consisting of a ‘‘well’’ composed of several periods of an InAs/InGaSb
superlattice alternating with a quinternary alloy ‘‘barrier.’’ We find serious limitations to the optical
properties of active regions composed of these multiple quantum wells, and propose a four-layer
superlattice structure which corrects these problems. ©1997 American Institute of Physics.
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Commercial and military interest in mid-infrared lase
has spawned research efforts focusing on a few promi
strategies for constructing a laser active region. These
clude quantum well1,2 and superlattice3,4 active regions in
which light is created during an interband recombinat
event, and quantum cascade structures,5 in which the radia-
tive transition is intersubband. For the first two categories
expected dominant nonradiative carrier loss mechanism
room temperature is carrier-carrier~Auger! scattering, while
in the cascade lasers it is electron-phonon scattering.

Design strategies to reduce the Auger recombination
have been developed for superlattice active regions base
alternating layers of InAs and InGaSb.6 These include at-
tempts to~1! lower the density of states at the valence ed
and thus decrease the threshold carrier concentration, an~2!
to eliminate final states for Auger processes within the c
duction and valence bands. Figure 1 shows a typical des
a superlattice of 12.5 Å thick InAs layers alternating wi
39Å thick In0.25Ga0.75Sb layers.7 This structure has a rela
tively light in-plane mass~m50.044mo , wheremo is the
free mass! for the top valence band. Since the HH3—HH
matrix elements are very small at the zone center, Au
transitions which excite a hole from HH1 to HH3 are neg
gible for small in-plane momenta. Hence this superlatt
effectively lacks final states at the resonant energies for
ger transitions in the conduction and valence bands.

Unfortunately the above superlattice cannot be gro
thick enough for a laser active region, since it is not lattic
matched to a useful substrate. This problem applies to
two-layer superlattices with the above layer compositio
and band gaps in the mid-wavelength infrared. The strat
adopted for growing structures approximating the above s
tem is to alternate several periods of the superlattice wit
strain-compensating barrier material.3 We will refer to this
structure as a superlattice multiple quantum well~MQW!.

Previous theoretical work on these structures appro
mated the thin superlattice layer as a thick layer, or at bes
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a thin layer of effective continuous~unstructured! material in
a quantum well. We show that the superlattice MQW grow
strategy produces several unfavorable effects within the e
tronic structure of the active region which have been
glected by previous theoretical calculations. These includ
large mismatch between the conduction and valence den
of states, weak overlap of states at the edges of the vale
band and conduction band, and substantial intersubband
sorption at the lasing energy. The mismatch in the density
states leads to higher threshold carrier densities, Auger
combination rates, and threshold current densities, while
weak overlap of the band-edge states and the substantia
tersubband absorption lead to unacceptably small differen
gains. We propose a new four-layer superlattice which
cumvents the shortcomings of the superlattice MQW a
should in fact outperform thick InAs/InGaSb superlattice
The new structure also balances stresses at a sufficiently
croscopic level to suppress the formation of misfit defect

In Fig. 2~a! we show the band-edge alignment for a re
resentative 3.7mm superlattice MQW, consisting of 4.5 per

.

FIG. 1. 300 K band structure of a 12.5 Å InAs/39 Å In0.25Ga0.75Sb superlat-
tice. K' is in the growth direction andK i is in the in-plane direction. The
resonant energies for processes involving two nonequilibrium holes~2Eg!
and two nonequilibrium electrons~2Eg! are indicated by the dashed lines
/70(24)/3212/3/$10.00 © 1997 American Institute of Physics
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ods of a 15 Å InAs/36 Å In0.25Ga0.75Sb superlattice~termi-
nating with InGaSb layers!, alternating with 400 Å barriers
of Al0.20Ga0.60In0.20As0.17Sb0.83.

8,9 The C1, HH1, and HH3
subband envelope function magnitudes are shown in
2~b!. Calculations of the electronic structure were perform
within an envelope-function approximation and using a
perlatticeK–p technique similar to that used in Ref. 10 b
generalized to an arbitrary number of layers in the unit c
Since the ‘‘wells’’ of the superlattice MQW terminate wit
In0.25Ga0.75Sb layers and the quinternary layer does not c
fine holes as well as the InAs layers, the top two heavy-h
states are localized in theouter InGaSb layers. As shown in
Fig. 2~b! the HH1 state does not overlap strongly with the
state — it is the HH3 state which has the largest overlap

Several elements of the band structure of the superla
MQW @shown in Fig. 3~a!# are unfavorable for laser perfor
mance. The HH1-HH5 splitting is 6 meV, so the five to
heavy-hole subbands~one for each ternary layer! are ap-
proximately equally occupied at room temperature. In c
trast, only C1 is well-occupied at room temperature and
ing densities. Carriers in the HH1, HH2, and HH4 states w
not contribute efficiently to the gain due to their small ove
lap with C1, but will degrade laser performance through
hancing the possibilities for nonradiative recombination a
intersubband absorption. The multiplicity of the band-ed
heavy-hole subbands contributes to a large imbalance
tween the valence density of states and conduction densi
states, which enhances the Auger rates.

Another unpleasant feature of the band structure of F
3~a! is that there are no evident gaps near the resonant e
gies for Auger transitions. Such gaps of the suppression
Auger recombination are eliminated due to the multitude
quantum well subbands.

We propose a new superlattice with a four-layer repe
ing unit cell consisting of 24 Å InAs/13.8 Å In0.4Ga0.6Sb/
24 Å InAs/40 Å Al0.3Ga0.42In0.28As0.5Sb0.5 as a superior de

FIG. 2. 300 K band alignment~a! and envelope functions~b! for a 4.5
period 15 Å InAs/36 Å In0.25Ga0.75Sb superlattice with 400 Å
Al0.2Ga0.6In0.2As0.17Sb0.83 barriers. Band alignment~c! and envelope func-
tions ~d! for a four-layer superlattice consisting of 24 Å InAs/13.8
In0.4Ga0.6Sb/24 Å InAs/40 Al0.3In0.28As0.5Sb0.5. Since the C1 state is com
posed of envelope functions from the bulk conduction, light-hole and s
off bands, the magnitude of the envelope function vector is shown. Z
energy is the light-hole energy in the strained InAs layer.
Appl. Phys. Lett., Vol. 70, No. 24, 16 June 1997
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sign for a 3.7mm laser’s active region. Four-layer superla
tices where the fourth layer is AlSb have been proposed
grown for optically pumped lasers,4 where carrier transpor
through the active region is not a critical issue. Since o
interest is primarily in diodes, our fourth layer has a smal
band gap, allowing conduction states to extend through
entire superlattice unit. However, since the heavy-hole s
remains confined in the InGaSb layers, we remain concer
over hole transport through these structures. The quintern
layer has tensile strain when grown on GaSb and thus
overall superlattice unit cell~ranging in size from 60 Å to
110 Å for band gaps in the 3–5mm range! can be lattice
matched to GaSb. Strain compensating over this size
cell may provide better conditions for growth than attem
ing to compensate strains over;500 Å ~as in Ref. 3!. Use
of the more highly strained In0.4Ga0.6Sb as the ternary laye
increases the heavy-hole offset with the other superlat
layers, which clears out final heavy-hole states from arou
the resonant energy. Further flexibility is available by adju
ing the quinternary alloy composition.

The band-edge alignment for the four-layer superlatt
is shown in Fig. 2~c!, and the envelope functions are show
in Fig. 2~d!. When strain is taken into account, the heav
hole band energy difference between the InGaSb layer
the quinternary is estimated to be 573 meV, and the cond
tion band offset between InAs and the quinternary is e
mated to be 1.045 eV.9 The single band-edge heavy-ho
state overlaps strongly with C1, yielding a lighter mass a
larger matrix elements for band-edge absorption than fo
for the superlattice MQW.

The band structure for the four-layer superlattice
shown in Fig. 3~b!. In contrast to the superlattice MQW, th
band-edge valence and conduction subbands of the f
layer superlattice have an in-plane mass ratio of 1.86, wh
a ratio of 1 is ideal for suppressing Auger processes
achieving large gains. As a result, and also due to the str
C1—HH1 overlap, the band-edge absorption of the fo
layer superlattice is five times greater than that of the sup
lattice MQW. The bandwidth of the C1 state is 37 meV
the growth direction, indicating reasonable transport prop

FIG. 3. Comparison of the 300 K band structure of the superlattice MQW
Fig. 2~a! and the four-layer superlattice of Fig. 2~c!.
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ties at room temperature. The gap in the resonant vale
states, 140 meV, is almost an order of magnitude larger t
that calculated for the two-layer superlattice~22 meV! shown
in Fig. 1. The 50 meV which separates the resonant ene
from the nearest band is more than an optical phonon ene
so one might also suppress phonon-assisted Auger proce

The presence or absence of a gap in the final st
within the valence band has a clear effect on the inters
band absorption, shown in Fig. 4 for the superlattice MQ
and four-layer superlattice. Intersubband absorption for
superlattice MQW becomes the dominant loss mechan
~140 cm21! at the threshold carrier density~7.631017

cm23, defined as the density11 required for 25 cm21 gain!,
and strongly suppresses the gain as is shown in Fig. 4~c!. We
design the four-layer superlattice with the gain region pla
midway between the two intersubband absorption featu
as shown in Fig. 4~d!, so the intersubband absorption do
not suppress the active region’s gain. Thus the threshold
rier concentration is lower, 4.731017 cm23. By locating the
intersubband absorption peaks experimentally one can d
mine the success of growth and design.

The differential gain for the four-layer superlattic
1.5310215 cm24, is 8 times larger than 1.9310216 cm24,
that of the superlattice MQW. The difference is due to th
effects within the superlattice MQW: the large imbalance
the conduction and valence density of states for the supe
tice MQW makes it very difficult to make any part of th
valence band degenerate; the small HH1–C1 overlap of
superlattice MQW reduces the magnitude of the gain;
the intersubband absorption is providing an additional l
mechanism for the active region.

The radiative and non-radiative recombination rates, c
rier lifetimes, and threshold current densities were calcula
with the procedure described in Refs. 6 and 12. The ca
lated carrier lifetime at threshold is 4.4 ns for the four-lay
superlattice, yielding a threshold current density per u
thickness of active region of 1700 A cm2mm. The superlat-

FIG. 4. Intersubband absorption at 300 K for densities of 1, 3, 5, 7, and3
1017 cm23 for ~a! the superlattice MQW and~b! the four-layer superlattice
For an Auger optimized structure, the intersubband absorption~here domi-
nated by intervalence transitions! has a gap at the lasing energy~arrows!.
Also shown are the gain spectra of the two active regions.
3214 Appl. Phys. Lett., Vol. 70, No. 24, 16 June 1997
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tice MQW, due to its multitude of subbands, is computatio
ally intractable at this time.

Recent measurements of the carrier recombination tim
carried out with femtosecond pump-probe measurements
dicate that the Auger lifetimes for grown structures cor
sponding to Fig. 3~a! and Fig. 3~b! are 0.1 and 1.25 ns
respectively, at 300 K and a carrier density of 531017

cm23.13 The Shockley-Read-Hall lifetimes of the tw
samples were comparable, 2.8 and 2.5 ns respectively.
calculated Auger lifetime for the four-layer superlattice
this temperature and density is 4.3 ns, which agrees w
experiment within the error of these calculations. A las
structure based on the superlattice design of Fig. 3~b! lased at
3.7mm at room temperature when optically pumped14.

We find that the procedure of growing optimized tw
layer superlattices in an MQW structure to compens
strains does not preserve the optimized features of the b
structure. We propose a new, four-layer, lattice-match
structure which has calculated properties that are superio
those of the superlattice MQW and even to those of the or
nal two-layer structures. Strain compensating over a sho
unit cell should also improve growth conditions.

This research was supported in part by the National S
ence Foundation under Grant No. ECS-9406680.
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10M. E. Flatté, P. M. Young, L.-H. Peng, and H. Ehrenreich, Phys. Rev.
53, 1963~1996!.

11We define our densities based on the entire unit cell of the superla
@102 Å for Fig. 3~b!# or superlattice quantum well@640 Å for Fig. 3~a!#.

12C. H. Grein, P. M. Young, M. E. Flatte´, and H. Ehrenreich, J. Appl. Phys
78, 7143~1995!.

13S. A. Anson, J. T. Olesberg, T. F. Boggess, T. C. Hasenberg, M. E. Fl´,
and C. H. Grein~unpublished!.

14In addition to the 3.7mm device, a 5.2mm laser operated at 185 K. T. C
Hasenberg, J. T. Olesberg, M. E. Flatte´, A. R. Kost, C. Yan, and D. L.
McDaniel, Jr.~unpublished!.

15D. Olego, T. Y. Chang, E. Silberg, E. A. Caridi, and A. Pinczuk, App
Phys. Lett.41, 476 ~1982!.

16K. Zbitnew and J. C. Woolley, J. Appl. Phys.52, 6611~1981!.
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