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We have developed a broken-gap~type II! quantum well active region for midwave infrared
interband lasers which exhibits a significantly increased Auger lifetime over that of previous
designs. ©2000 American Vacuum Society.@S0734-211X~00!09003-X#
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I. INTRODUCTION

Midwave infrared~MWIR! lasers have important applica
tions including trace gas sensing and military counterm
sures, as well as medical applications such as noninva
glucose monitoring. Room temperature operation of MW
interband lasers has been difficult because of the presen
significant Auger recombination~AR! and intersubband ab
sorption~ISBA!. Auger recombination occurs when a carri
pair recombines and transfers energy and momentum to
other carrier. ISBA involves an optically induced transitio
between either valence or conduction subbands. It is d
mental to a laser when it occurs at the lasing wavelength
to the presence of an energy subband positioned app
mately one lasing transition energy from either the cond
tion or valence band edge. These undesirable effects ca
suppressed by using strain and quantum confinement to t
the energy bands in order to reduce the number of elec
~hole! states which are one lasing transition energy aw
from the conduction~valence! band and/or by balancing th
conduction and valence band density of states.1

The initial type-II MWIR laser development work em
ployed multiple quantum well~MQW! samples with InAs/
GaInSb broken-gap superlattice~BGSL! wells.2,3 The BGSL
approach to MWIR lasers allows an extra degree of freed
as compared to the more conventional approach of emp
ing InGaAsSb quaternary active regions. One can indep
dently vary the thicknesses of the two constituent layers
well as the composition of the GaInSb compound. This
lows one to independently tune the band structure and
effective lattice constant of the structure. Numerous la
diodes were demonstrated in the 2.8–4.3mm wavelength
range, however, the suppression of AR and ISBA was so
what limited with the two-layer BGSL structure.4 Therefore
the InAs/GaInSb/InAs/InGaAlAsSb four-layer BGSL wa
developed. Although significant reductions in AR and ISB
were obtained,5 poor hole transport was observed in the

a!Electronic mail: thomas-hasenberg@uiowa.edu
b!Also at: Dept of Electrical and Computer Engineering, University of Iow

Iowa City, Iowa.
1623 J. Vac. Sci. Technol. B 18 „3…, MayÕJun 2000 0734-211X Õ200
-
ve

of

n-

ri-
e

xi-
-
be
lor
n

y

m
y-
n-
s

l-
e
r

e-

structures.6 Hence, a laser active region composed of InA
AlAsSb/InAs/GaInSb/InAs/AlAsSb/InAs broken-gap qua
tum wells ~BGQW! has been proposed in order to obta
both high optical gain and good carrier transport. BGQ
samples have been grown by molecular beam epitaxy~MBE!
and have exhibited improved suppression of AR and IS
when compared to the previous BGSL designs. The M
parameters and shutter sequences employed during
growth of these samples, as well as the observed carrier
times are presented.

The first MWIR lasers with~type-II misaligned! broken-
gap active regions employed MQW structures with two-lay
InAs/Ga.75In.25Sb BGSL wells and InGaAsSb barriers3

MQW structures were necessary because the two-la
BGSL wells have a high degree of compressive strain. T
InGaAsSb barriers were grown with tensile strain to yield
strain balanced well/barrier combination. However, the
structures had relatively high AR and ISBA rates due to
large density of hole states one band gap below the H
level and due to the poor balancing of the conduction a
valence band edge density of states~DOS!.1

A Perkin Elmer 430P MBE machine equipped with soli
source group III effusion cells was used for sample grow
The arsenic cell was an EPI model VC-III valved crack
unit which allowed rapid changes in the arsenic dimer flu
The EPI model 175 antimony cell emitted a predominan
monomer flux as a result of the 925 °C cracking zone te
perature that was utilized.

MQW samples employing ten 225 Å thic
Ga0.75In0.25Sb/InAs BGSL wells separated by nine 400
thick In0.20Ga0.60Al0.20As0.17Sb0.83 barrier layers@Fig. 1~a!#
were grown at 380 °C for direct measurement of the car
lifetimes. The MQW was bracketed on both ends by 1000
thick In0.20Ga0.60Al0.20As0.17Sb0.83 cladding layers. The
quantum wells consist of 4.5 period Ga0.75In0.25Sb(36 Å)/
InAs(15 Å) broken-gap superlattices~i.e., starting and end-
ing with GaInSb!. Five-second antimony soaks were utilize
after the InAs and GaInSb layers in order to obtain InSb-l
interfaces between these layers. This procedure has
shown to yield more abrupt interfaces with stronger roo

,
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temperature photoluminescence than GaAs-like interfac7

Finally, a 50 Å GaSb cap layer was grown on top of t
upper In0.20Ga0.60Al0.20As0.17Sb0.83 cladding layer, and the
sample was annealed at 500 °C for 30 min in an antim
flux. The anneal was found to significantly improve the 3
K optical efficiencies in the samples presumably by reduc
the densities and/or optical activities of native defects.8

Ultrafast pump/probe measurements were performed
these samples utilizing a 830 nm Ti:sapphire pump beam
a MWIR probe beam generated with an optical parame
oscillator. By measuring the room temperature differen
transmission as a function of probe delay time and repea
at multiple fluences, the Auger lifetimes and Shockley Re
Hall ~SRH! lifetimes were determined.2 A two-layer BGSL
sample designed for 3.55mm laser emission@Fig. 1~a!#
yielded a 4.2 ns SRH lifetime and a 130 ps Auger lifetime
a carrier concentration calculated to be appropriate for las
(n57.831017cm23).

Several laser diodes spanning the 2.8–4.3mm range were
demonstrated using similar two-layer BGSLs as active

FIG. 1. ~a! Schematic of the two-layer GaInSb/InAs broken-gap superlat
~BGSL! MQW structure with InGaAlAsSb barriers. This sample is design
for 3.55mm laser operation.~b! Schematic of the four-layer BGSL structure
The utilization of the InGaAlAsSb strain-balancing layer in the BGSL
lows one to use a more highly strained GaInSb layer than in the two-l
structure.
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gions. These include an eight-period MQW device w
Ga0.75In0.25Sb(39 Å)/InAs(12.5 Å) BGSL wells and
In0.25Ga0.75As0.22Sb0.78 barriers. This device operated pulse
up to 255 K at a 3.2mm wavelength and operated continuo
wave ~CW! up to 180 K.4

In an attempt to further reduce AR and ISBA, a ne
BGSL was designed by adding a strain balancing quintern
layer and a second InAs layer to the two-layer structure. T
design resulted in a four-layer InAs/Ga.65In.35Sb/
InAs/In0.25Ga0.48Al0.27As0.43Sb0.57 strain-balanced BGSL
structure. The utilization of the In0.25Ga0.48Al0.27As0.43Sb0.57

quinternary layer allows the use of a more heavily strain
GaInSb layer and allows one to grow thick~i.e., many pe-
riod! BGSL structures. Hence, the need for strain-balanc
barrier layers as utilized in the two-layer BGSL samples
eliminated.

Samples designed for 3.5mm laser emission employing
thick ~40 period! InAs(16.5Å)/Ga.65In.35Sb(25.9 Å)/
InAs(16.5Å)/In0.25Ga0.48Al0.27As0.43Sb0.57(38.7 Å) four-
layer BGSLs were grown on GaSb substrates with 1000
thick In0.25Ga0.48Al0.27As0.27Sb0.73 cladding layers@Fig. 1~b!#.
The four-layer sample was grown at 380 °C and, like t
two-layer design, employed five-second antimony soaks a
all of the InAs, GaInSb, and InGaAlAsSb layers in th
BGSL. After growth, the sample was annealed at 500 °C
30 min in an antimony flux.

Four-layer BGSL samples with excellent structural qu
ity have been grown as exhibited by x-ray diffraction me
surements~Fig. 2!. The sharpness and intensity of the sup
lattice fringes observed in the spectrum indicate the prese
of abrupt interfaces. Good agreement is obtained between
observed spectrum and the one calculated for this struc
using a dynamical x-ray model. The measured superlat
fringe spacing indicates an 89.4 Å BGSL period. An ad
tional indication of sample quality was exhibited by the pre
ence of strong room temperature photoluminescence~PL!
which was peaked at 3.84mm. The layer thicknesses an
alloy compositions of the structure were determined usin
self-consistent analysis of the x-ray diffraction spectrum,
PL spectrum and the MBE fluxes and shutter times.9

These optimized four-layer BGSL samples@Fig. 1~b!#
were designed using aK "p band structure formalism. AR
was minimized by reducing the valence band edge densit
states. This is accomplished by introducing strain into
active region. ISBA was optimized by decreasing the num
of states within one lasing transition of the band edges. T
theoretical predictions of reduced Auger recombination w
experimentally verified by pump/probe measurements~Fig.
3!. The aforementioned four-layer BGSL sample exhibit
an Auger lifetime of 350 ps at the calculated optimal carr
density (n59.531017cm23) for lasing at 300 K~upper ar-
row in Fig. 3!.6 To further test the design, double heter
structure 2.7, 3.7, and 5.2mm wavelength diode lasers wer
fabricated using thick four-layer BGSL active regions. U
fortunately, only the 2.7mm devices lased under electric
injection. Poor vertical hole transport through the thick fou
layer BGSLs and nonuniform carrier distribution limited d
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FIG. 2. X-ray spectrum for a four-layer BGSL sample
The spacing of the superlattice fringes is consistent w
an 89.4 Å BGSL period. The sharp, intense peaks
indicative of abrupt interfaces in the BGSL.
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ode device performance. Nevertheless, the 3.7 and 5.2mm
devices lased up to 300 and 185 K, respectively, with opt
pumping.10

Most recently, we have designed, grown, and charac
ized an InAs/AlAs0.15Sb0.85/InAs/Ga0.60In0.40Sb/InAs/
AlAs0.15Sb0.85/InAs BGQW structure~Fig. 4! that is pre-
dicted to have electronic and optical properties superio
that of the four-layer BGSL. The thicknesses of the InA
AlAsSb, and GaInSb layers are 14, 21, and 25 Å, resp
tively. In this structure the hole transport problem presen
the four-layer samples is substantially reduced by remov
the ~hole barrier! quinternary layer, yet suppression of A
and ISBA is improved. This structure was grown und
slightly different conditions than the previous two. The op
mum growth temperature for the quantum well active reg
was found to be slightly hotter~410 °C! than for the previous

FIG. 3. Plot of the carrier recombination rate as a function of the areal ca
density as determined by ultrafast pump/probe measurements in four-
BGSL structures and in BGQW samples. The vertical arrow on each c
indicates the calculated optimum carrier density for 300 K laser operatio
that structure.
JVST B - Microelectronics and Nanometer Structures
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BGSL samples, presumably due to the presence of
AlAsSb layers. Again, five-second antimony soaks were e
ployed after the InAs, AlAs0.15Sb0.85, and Ga0.60In0.40Sb lay-
ers and a 30 min, 500 °C postgrowth anneal was employ
In an attempt to maintain good control of the compositio
the AlAs0.15Sb0.85 layers were grown with the modulate
shutter11 technique, with two-second soaks between the A
and AlAs portions of the layer. Essentially, the layer w
grown as an AlSb/AlAs superlattice since the arsenic a
antimony shutters were not open simultaneously. The shu
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FIG. 4. Schematic drawing of the MQW structure with InAs/AlAsS
GaInSb broken-gap quantum wells~BGQWs! and InAs/AlGaSb superlattice
barriers.
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sequence for this AlAsSb ternary-like layer is shown in F
5. The composition of this layer is critical to the success
the BGQW as a laser active region since it is utilized
strain balance the BGQW structure. If the AlAs0.15Sb0.85

composition is not accurately controlled, the BGQW w
relax and misfit dislocations will form. This will result in
short SRH lifetimes and, thereby, poor radiative efficienci

InAs(11Å)/Al 0.60Ga0.40Sb(27 Å) superlattices ~SLs!
were utilized as barriers between the BGQWs. These
barriers were employed because they could be grown w
better surface morphologies than the InGaAlAsSb lay
used in the previous structures. In addition, the SL gives
to minibands in contrast to the discrete energy levels of
InGaAlAsSb compound. The minibands allow more efficie
injection of electrons and holes from then-type andp-type
cladding layers, respectively, into the SL barriers.12 The
growth conditions for the barriers were similar to those
the BGQWs with a 410 °C substrate temperature and w
five-second antimony soaks after the InAs and AlGaSb l
ers. As with the four-layer BGSL samples, excellent str
tural quality and interface abruptness is exhibited by sh

FIG. 5. Shutter sequence for an AlAsSb ternary-like layer grown with
modulated shutter technique.
J. Vac. Sci. Technol. B, Vol. 18, No. 3, May ÕJun 2000
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and intense x-ray superlattice and MQW fringes. Aga
good agreement is obtained between the observed spec
and one calculated for the structure using a dynamical x-
model ~Fig. 6!. The measured MQW and superlattice fring
spacings indicate a 305 Å MQW period and 37.1 Å sup
lattice barrier period. Finally, the room temperature PL sp
trum exhibited by this BGQW sample is shown in Fig.
The PL curve has a strong peak at the desired wavele
~3.4 mm!, suggesting a high quality sample, with low defe
densities.

The energy band structure in the BGQW is a significa
improvement as compared to the previous laser active re
designs. In particular, this structure offers a much grea
degree of optimization of the final states in energy mom

e

FIG. 7. Room temperature photoluminescence spectrum for a MQW sam
with broken-gap wells and InAs/AlGaSb SL barriers. The photolumin
cence is detected with a cooled~80 K! InSb photodiode, the output of which
is fed into a lock-in amplifier. An 820 nm GaAs laser diode is used
provide;60 W/cm2 of sample excitation intensity.
-
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FIG. 6. X-ray spectrum for a MQW
sample with InAs/AlAsSb/GaInSb
BGQWs and InAs/AlGaSb superlat
tice barriers. The experimental data
depicted as the bold, solid curve an
the dashed line represents the calc
lated spectrum. The closely space
peaks ~white arrows! are due to the
MQW structure and the more intense
more widely spaced peaks~black ar-
rows! are due to the InAs/AlGaSb su
perlattice barriers.
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tum space in order to reduce ISBA. Pump/probe meas
ments performed on BGQW samples confirm the experim
tally predicted reduction in AR. They yielded a 3 ns SRH
lifetime and 0.94 ns Auger lifetime. Again, the Auger life
time is measured at the calculated optimum carrier conc
tration (n52.631017cm23) for room temperature, 3.4mm
laser operation~lower arrow in Fig. 3!.6 Note that this Auger
lifetime is factor of 2.7 longer than in the four-layer BGS
and 7.2 times longer than in the two-layer BGSL.

In summary, we have described the MBE growth
MWIR laser structures incorporating various broken-gap
timonide active regions. This work has culminated in t
design and growth of a multiconstituent broken-gap quan
well structure that exhibits reduced nonradiative losses.
ger rates at carrier densities predicted to be optimal for las
have been decreased by nearly an order of magnitude
appropriately tailoring the valence band structure.1 Also, by
employing antimony soaks in between the III–As and
III–Sb layers and by using the modulated shutter techni
for the growth of the AlAsSb ‘‘quasi-ternary’’ compound
smooth, abrupt interfaces are obtained as evident from
x-ray diffraction data and the relatively long~3 ns! SRH
lifetimes. However, further improvements in the mater
quality, and thus in the electrical and optical quality of t
devices are possible through the use of the migration
hanced epitaxy technique at the critical interfaces.
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